Previous work on Drosophila santomea suggested that its absence of abdominal pigmentation, compared to the other darkly pigmented species, is based on mutations in the cis-regulatory region of tan, inactivating the expression of that gene in the abdomen of D. santomea males and females. Our discovery that D. santomea males can produce viable hybrids when mated to D. melanogaster females enables us to use the armamentarium of genetic tools in the latter species to study the genetic basis of this interspecific difference in pigmentation. Hybridization tests using D. melanogaster deficiencies that include tan show no evidence that this locus is involved in the lighter pigmentation of D. santomea females; rather, the pigmentation difference appears to involve at least four other loci in the region. Earlier results implicating tan may have been based on a type of transgenic analysis that can give misleading results about the genes involved in an evolutionary change.
INTRODUCTION
A recent debate in evolutionary genetics centers on whether adaptive changes in body form are caused by mutations that change the structure of proteins, including transcription factors (Hoekstra and Coyne, 2007) , or by mutations that alter noncoding cis-regulatory elements (CREs) (Carroll, 2005a (Carroll, , 2005b Gompel et al., 2005; Stern, 2000) . Existing data show a preponderance of structural changes (about 80% of total changes among species), a figure that seems to have remained relatively constant over time (Stern and Orgogozo, 2008) . But there is an ascertainment bias: cis-regulatory changes are much harder to detect than are coding changes in genes. Resolving this debate requires many additional studies of the genetics of interspecific differences in body form.
Recently, several studies have suggested that regulatory changes may be more important than structural changes as a source of adaptive morphological differences among species (Sucena and Stern, 2000; Colosimo et al., 2005; Clark et al., 2006; Shapiro et al., 2006; Wray, 2007) . Many of these studies have focused on pigmentation changes in humans, stickleback fish, and Drosophila (Colosimo et al., 2005; Gompel et al., 2005; Wittkopp et al., 2002a Wittkopp et al., , 2002b Wittkopp et al., , 2003a Wittkopp et al., , 2003b . One well-known example is the difference in abdominal pigmentation between the sister species D. santomea and D. yakuba. In D. yakuba, and seven of the other eight species in the well-studied Drosophila melanogaster species group, the posterior abdominal segments of both sexes are heavily pigmented. However, D. santomea, a species endemic to the island of Sã o Tomé (an ancient volcanic island off the west coast of Africa) is unique in completely lacking dark abdominal pigment (Figure 1 ) (Coyne et al., 2002; Lachaise et al., 2000; Llopart et al., 2002b) .
Using quantitative trait locus (QTL) mapping, Carbone et al. (2005) located a genetic region on the X chromosome that has a large effect on the pigmentation difference in both sexes of these species. Recently, Jeong et al. (2008) studied the molecular genetics of this difference and concluded that the light color of D. santomea was caused by the loss of expression of the tan locus (a gene that maps under the X-linked QTL peak) due to mutations fixed by selection in the cis-regulatory region. tan encodes a multifunctional enzyme that hydrolyzes both NBAD to dopamine and carcinine (N-b-alanyl histamine) to histamine (True et al., 2005) . Jeong et al. (2008) adduce four lines of evidence to argue that tan is a major locus involved in the pigmentation difference. First, mutants of tan in D. melanogaster produce a lighter abdominal pigmentation-although not pigmentation as light as seen in D. santomea. Second, the tan gene is highly expressed in the heavily pigmented abdomens of male and female D. yakuba but is not expressed in the lightly pigmented abdomens of male and female D. santomea. Third, sequencing of the tan locus and adjacent upstream promoter regions in both species show that they do not differ in protein sequence, but that D. santomea is polymorphic for three separate mutations in the cis-regulatory region of the gene, each of which could inactive it. Finally, the authors transferred the wild-type allele of the tan locus from (the darkly pigmented) D. melanogaster into D. santomea and showed that this transfer darkened the abdomens of both males and females.
Here, we report a failure, using direct genetic complementation tests, to confirm the results of Jeong et al. (2008) . These results rests on our recent finding that D. melanogaster can produce viable female offspring when crossed with D. santomea. This allows us to use tan deletions in D. melanogaster to perform complementation tests of abdominal color in female hybrids with D. santomea. These tests are generally considered more reliable than transgenic analysis because they test the effect of the candidate gene in situ rather than when it is inserted into a random location in the genome. Moreover, showing that a wild-type allele involved in pigmentation produces darker color when transferred into another species does not unequivocally demonstrate that interspecific differences at that particular locus are responsible for observed color differences between the species. For example, transferring the gene for growth hormone from humans to chimps may produce larger chimps, but does not show that the difference in size between the two species maps to the growth-hormone locus.
Our direct genetic tests suggest that tan is not a major gene involved in the pigmentation difference between these species, at least in females. Additional deficiency mapping in the tan region, however, revealed the existence of five subregions that have a highly significant effect on pigmentation and do not encompass tan. Moreover, loss of expression of tan may have evolved after at the inactivation of other genes causing the species difference. At present, then, the tan gene cannot be considered a convincing example of the effect of cis-regulatory mutations on a major phenotypic difference.
RESULTS

Pure Species and tan Mutants
We scored five species of the D. melanogaster group for pigmentation: four of them (D. melanogaster, D. simulans, D. mauritiana, and D. yakuba) have black-pigmented abdomens, while D. santomea is yellow, lacking black pigmentation. Table S2 (available  online) shows the mean pigmentation score for each species. While the pigmentation of the dark species ranges from 3.3 to 5.2, that of D. santomea is 0.22-less than 7% as intense as that of the least pigmented dark species (D. simulans).
We also scored each of the six tan mutants for pigmentation when homozygous. Their average pigmentation and the pheno- types of these mutants (as well as that of the Mi{ET1}MB03163 Mi{ET1} insertion allele) are given in Table S3 and shown in Figures S1 and S2 . The six tan mutations were not significantly heterogeneous for pigmentation (F 5,594 = 1.53, p = 0.179 ) and a P insertion (P[XP]) allele and scored 100 individuals from each cross, comparing their average pigmentation to a sample of 100 individuals of the pure strain. In all cases, the large deletion failed to complement the tan mutants ( Figure S3 , paired t test against the parental line: t 4 = À0.1183, p = 0.9116). All of the mutants, then, appear to reside in the region covered by tan deletion Df(l)t20A, confirming the known location of lesions in these strains.
Backcrosses of Basc/tan to D. melanogaster When D. melanogaster females heterozygous for any of the tan mutants and the Basc balancer chromosome (mel tan/Basc) were backcrossed to tan males, we observed a bimodal distribution of pigmentation scores among female offspring (e.g., Figure 2 ) when crosses were scored blind. Figure 3 shows the difference in pigmentation between the two classes of females. To determine whether the two modes represented the two genotypes segregating in this cross (Basc/tan and tan/tan), we analyzed the distribution of individual pigmentation by fitting a mixed linear model (Pinheiro and Bates, 2000) having genotype (whether or not the deficiency is present) as a main effect and specific mutants tested as a random effect. This analysis showed that the effect of genotype was highly significant (F 1,593 = 2521.82, p < 0.0001; all the heavily pigmented flies had the Basc chromosome). These results show that tan/tan homozygotes can be clearly distinguished from Basc/tan heterozygotes in D. melanogaster (see Figure 2) .
We made five additional controls. To determine whether the tan stocks and the Basc stock differed in genetic backgrounds in a way that could affect pigmentation, we compared the pigmentation score of the tan/tan flies from the mel tan/Basc 3 tan cross to tan/tan flies from the mel tan/tan 3 tan cross. This comparison showed no significant difference between the genotypes (linear mixed model [LMM] : F 1,6 = 0.089, p = 0.776). Second, we crossed D. melanogaster Basc/ArkLa females to tan males to determine whether the balancer chromosome complemented the tan mutations as effectively as did the wild-type alleles. This cross too showed no significant difference in pigmentation between the tan/ArkLa and tan/Basc genotypes (LMM: F 1,588 = 1.3774, p = 0.241). These two results mean that Basc can restore the wildtype phenotype as effectively as can the tan + allele on wild-type chromosomes. Third, to determine whether the Basc chromosome could restore the wild-type pigmentation in females that carried the Mi{ET1}MB03163 allele, we crossed tan/Basc females to Mi{ET1}MB03163 males. The Mi{ET1} transposable element insertion in the promoter region of the D. melanogaster tan locus represents the closest match to the postulated CRE mutant allele in D. santomea discussed by Jeong et al. (2008) . We found that for all the crosses we assayed, Basc rescues the D. melanogaster dark pigmentation when the Mi{ET1}MB03163 allele is present: Mi{ET1}MB03163/ tan females were consistently lighter than were Mi{ET1}MB03163/Basc females (LMM: F 1,395 = 442.445, p < 0.0001). These results show that Basc can complement mutations in both the coding sequences and the regulatory elements of tan.
Fourth, to check whether the Basc chromosome itself affected pigmentation score (i.e., whether it made its carriers darker), we crossed Basc/mel females to mel ArkLa males and compared the pigmentation of the two types of progeny (Basc/mel and mel/mel). We found no significant differences between the genotypes (LMM: F 1,593 = 0.001, p = 0.9747, These crosses showed no statistically significant effect on the interspecific difference. In the combined data, the effect of genotype is not significant (F 1,593 = 3.6742, p = 0.0557; Figures 3 and  4) , so that the two genotypes do not differ in their pigmentation (data given in Table 1 ). Clearly, tan does not have a large (or even statistically significant) effect on the pigmentation of D. santomea females. Similarly, when we made interspecific crosses using Mi{ET1}MB03163, the stock with an insertion in the promoter region of tan, we found no effect of this insertion on the pigmentation of the two hybrid genotypes (one-way ANOVA: F 1,98 = 4 3 10 À4 , p = 0.985). This insertion stock is probably the closest existing genetic parallel to the postulated CRE mutants in D. santomea that affect pigmentation. All of these results strongly suggest that mutations in the tan locus, whether structural or regulatory, have little or no effect on the difference in pigmentation between females of D. santomea and females of D. melanogaster.
Fine-Scale Mapping of the tan Region
Because the tan region showed a large effect on pigmentation in the study of Carbone et al. (2005) , we performed a more detailed analysis of this region with two aims: to find candidate alternative regions that might explain the difference in pigmentation between D. santomea and the other subgroup species, and to establish whether our methods had the power to detect regions (and genes) affecting pigmentation.
We studied 16 deficiencies spanning the QTL region described by Carbone et al. (Table 2) : seven of these in the 14D-18B4 region, eight in the 8D-10A3 region, and one in the 19B1-20F4 region. We performed a one-way ANOVA to determine whether the differences between flies carrying Basc and flies carrying the deficiency were significant. Table 2 shows the results. First, our analyses of two additional deficiencies that encompassed the region which contain the tan locus (8D1) again reveal no effect of the region on pigmentation. This confirms our conclusion that tan is unlikely to be a major locus causing interspecific differences in pigmentation. Second, we found five deficiencies (two of them overlapping) that showed a significantly lighter pigmentation ( Figure 5 ) than the balancer-carrying flies. There are, then, at least four strong candidate regions for genes involved in the pigmentation difference between D. santomea and its sister species.
DISCUSSION
Our complementation tests using D. melanogaster deletions crossed to D. santomea show no significant effect of the tan locus on the pigmentation difference between these two species and, by inference, on the difference between D. yakuba and Before we discuss the discrepancy between the two studies, we must mention a few caveats. First, by necessity, we were limited to studying genetic complementation in females, since tan is an X-linked locus. Most of Jeong et al.'s analysis, however, dealt with males, and it is possible that the genetic basis of the pigmentation difference between D. santomea and D. yakuba itself differs between males and females. However, we consider this unlikely. QTL analysis of both species (Carbone et al., 2005) shows that male and female ''pigmentation'' peaks are located in the same chromosome regions, implying that the same loci are involved in pigmentation differences of the two sexes. More important, Jeong et al.'s analyses show an effect of tan in both sexes, including the ability of transgenic tan + alleles to restore some pigmentation in both male and female D. santomea (see, for instance, Figure 5D of Jeong et al. Figure 5B ). In males, two copies of tan + from D. melanogaster cause fuller but still brownish pigmentation of segments A6 and A5, and weaker pigmentation of A4 in males, while in pure D. yakuba these areas are larger and are colored deep black instead of brown (Jeong et al. [2008] , compare Figure 5C with 1A). It is notable that although a single copy of the D. melanogaster tan + transgene almost completely rescues dark pigmentation in the D. melanogaster tan mutant t 5 , it rescues D. santomea pigmentation far less well (Jeong et al. [2008] , Figure 4C versus 5B for one copy, 5C for two). Rescue of pigmentation in D. santomea females by the tan + transgene is also incomplete: as in males, the area of female pigmentation is reduced compared to that seen in D. yakuba, although distinct abdominal stripes are still present (Jeong et al., Figure 1E versus 5D) . Further, our failure to detect an effect of tan cannot be ascribed to our using only a single aberrant deletion or tan mutant, since the failure is seen using five structural mutants, one disruption of the CRE, and a deletion that encompasses the whole gene and its promoter. Our results, then, seem to rule out a model in which recessive mutations at tan are a major cause of the yellow abdominal pigmentation in D. santomea. The low pigmentation scores in the F 1 hybrids between D. melanogaster and D. santomea suggest the existence of at least one semidominant pigmentreducing locus somewhere in the D. santomea genome-a locus that must be different from tan.
Clearly, we have been unable to confirm the predicted importance of the tan locus to overall pigmentation change in D. santomea (Jeong et al., 2008) . What is the explanation? The most likely is that the different outcomes reflect a difference in methodology: complementation mapping on our part versus transgenic analysis and expression differences/transgenic analysis in the study of Jeong et al. (2008) . In other words, we suspect that tan is not a major genetic factor in the pigmentation difference, despite the results from previous QTL candidate gene analysis and transgenic studies (Jeong et al., 2008) .
Complementation analysis using mutations or deletions has long been used to identify whether mutants are allelic or not, and whether a species difference is located in a particular region. For example, Sucena and Stern (2000) used a deletion in the ovo/ shaven baby region to show that the recessive loss of hairs on the cuticle of D. sechellia (compared to the outgroup D. melanogaster) resided in that region. This is precisely the test that we have done with D. santomea. However, although complementation analysis is a well-accepted strategy for testing whether strains have mutations in the same or different genes, its power can be limited by the dominance of the tested alleles. Also, one occasionally finds complementation between different alleles of the same gene (intragenic complementation). We have tried to minimize the chance of such effects in the current experiments by using a variety of different tan alleles. Nevertheless, our tests also involve species that are not closely related, and we cannot exclude the possibility that the overall low level of pigmentation seen in F 1 hybrids between D. santomea and D. melanogaster has masked a larger relative contribution of the tan locus to pigmentation changes that would be seen in intraspecific crosses with D. santomea, or in hybrids between D. santomea and other species in the melanogaster subgroup. We suspect that the tan + allele from D. melanogaster adds pigmentation to D. santomea males and females not because the gene is involved in the species difference, but simply because transfer of an allele involved in making pigment into a genetic background lacking that pigment may produce a darker phenotype, regardless of which mutations have produced the interspecific difference in pigmentation. The best to resolve this issue is, of course, through targeted gene replacement. Jeong et al. (2008) also showed by in situ hybridization that tan is expressed in both adult abdomens and the posterior part of the pupa in D. yakuba, but not in D. santomea. While showing that there is a species-specific difference in tan expression, this does not prove that the observed pigmentation difference maps to that locus. In analysis of genetic pathways, it is not unusual to find that a transgene for one locus in a pathway will restore a phenotype affected by a different mutation in that pathway (e.g., Hyodo-Taguchi et al.'s study of the pigmentation pathway in medakafish [Hyodo-Taguchi et al., 1997] ).
We have shown by complementation tests that tan seems to have little or no effect on the observed pigmentation difference between D. melanogaster and D. santomea (and, by inference, between D. yakuba and D. santomea) , but that a significant effect on pigmentation can be ascribed to at least four distinct chromosomal regions near-but not including-tan. Since males are hemizygous for tan, complementation tests are not useful for testing pigmentation differences in that sex. Here, targeted gene replacement of tan and its regulatory elements must be used. Although tan maps under the QTL peak known to include a gene or genes with a large influence on species-specific pigmentation, tan itself is not the site of the lesion. Rather, tan appears to be closely linked to several genes with major effect-perhaps genes in the same pathway as tan (i.e., the core dopamine pathway). Beyond the five candidate regions near tan, we are using finer deletion mapping and fine-structure molecular QTL analysis to identify the genes responsible. One other observation of Jeong et al. (2008) supports the idea that while tan may be involved in the biochemical pathway producing the pigmentation difference between D. yakuba and D. santomea, it does not carry mutations producing that difference. This is their finding that there is not one but three distinct cis-regulatory haplotypes that inactivate tan expression in natural populations of D. santomea. (One haplotype contains two nucleotide substitutions from the D. yakuba allele, while the other two have different deletions in or near these substituted regions.) This polymorphism for three distinct haplotypes, each of which the tan gene, contradicts the idea that the derived loss of color in D. santomea resulted from a rapid selective sweep of a single adaptive mutation that reduced pigmentation.
Indeed, Jeong et al. (2008) posit that the inactivation of the cis-regulatory region is due to relaxed selection on pigmentation in the D. santomea lineage followed by neutral evolution of the CRE. We agree, but suspect that the loss of tan expression resulted from changes at another locus that caused loss of pigmentation in this lineage. This loss would allow the tan + allele, now lacking an effect on pigmentation, to accumulate mutations that inactivated its expression. At present, then, the genetic basis of this striking interspecific difference in pigmentation remains unclear.
EXPERIMENTAL PROCEDURES
We made a series of interspecific crosses involving several lines of D. melanogaster and seven different lines of D. santomea (see Table S1 for the strains and results. Information about the lines can be found in Matute et al. [2008] ). Roughly 90% of the crosses between D. melanogaster females and D. santomea males produce offspring, all of which are sterile females (the reciprocal cross produces no offspring and has never yielded matings or inseminated females). This unexpected and remarkable crossability between two distantly related species (10-15 million years old, Tamura et al. [2004] ) immediately makes it possible to use these species in genetic complementation tests.
Because tan mutations that reduce pigmentation are recessive in D. melanogaster, our strategy was to cross D. melanogaster females heterozygous for a tan mutation and a marked balancer chromosome (tan/Bal) to wild-type D. santomea males. If the light pigmentation of D. santomea females is caused by a mutation at tan, then two classes of female progeny should be produced, with those carrying the tan mutation being markedly lighter than those carrying the balancer with the tan + allele. an X chromosome balancer lacking any mutations that affected pigmentation (Lindsley and Zimm, 1992) . This crossed produced tan/Basc females that were then crossed to different types of males as described below. Matute et al. [2008] for further information).
We used quantitative deficiency complementation mapping to further resolve the locations of pigmentation QTL within the X chromosome region previously identified by Carbone et al. (2005) . Given that the QTL identification was done with a D. yakuba 3 D. santomea cross and that there are many chromosome rearrangements differentiating D. yakuba and D. melanogaster (Ranz et al., 2007) , we identified the homologous subregions of the target region (i.e., the chromosome region where tan is located) in D. melanogaster by using previously published molecular cytologies (Ranz et al., 2007) . Stocks with deficiencies spanning the target cytological regions (8D-10A3, 14D-18B4, and 19B1-20F4) were obtained from the Bloomington Drosophila Stock Center (Bloomington, IN) . We used minimal set of deficiencies covering the entire region. Deficiency breakpoints were provided by the donors of the strains. ) have lesions resulting in amino acid replacements, one results from an insertion of a P element in the 5 0 end of the first exon, and the fourth was an excision of the whole chromosomal region that includes the tan promoter region (True et al., 2005) . The other two mutants (t 2 and t 3 ) have unknown lesions but are presumed to be at the tan locus because of both their phenotype and their noncomplementation with known tan mutants. The crosses involving mel tan/Basc females produce two classes of progeny. For example, if a mel tan/Basc female is crossed to a D. santomea male (san), the progeny will be tan/san or Basc/san. These two genotypes are distinguishable by the dominant marker Bar carried on the Basc chromosome, a marker that affects eye shape (Lindsley and Zimm, 1992) . For all the crosses described below, we present the female genotype first. We followed the same experimental design to perform deficiency mapping and further study the region adjacent to tan as described by Carbone et al. (2005) .
Crossing Scheme
Scoring Pigmentation D. melanogaster individuals and hybrid progeny were collected as virgins and kept in groups of 20 until 4 days old. To estimate the intensity of pigmentation on whole flies, we used a visual scale ranging from 0 (unpigmented areas) to 4 (dark and shiny black areas), with intermediate numbers representing intermediate degrees of pigmentation. We also measured the proportion of the area of each tergite that was pigmented (estimated to the nearest 0.1). To obtain the overall pigmentation score of each individual, we multiplied the percentage of the area of each of the three tergite covered by each shade of pigmentation by the intensity of that pigmentation, and these areas were summed (Carbone et al., 2005) . All pigmentation scores are based on the sum of values for the A4, A5, and A6 tergites. The maximum pigment score for each tergite is therefore 4 (an intensity of 4, with 1.0 of the tergite covered with that pigment); the minimum is zero. Summing over the three tergites, then, the maximum possible score is 12 (most intense), and the minimum possible score is 0. The scoring was done blindly so that the scorer did not know either the species or genotype. In crosses that resulted in the segregation of two genotypes distinguishable by an eye-shape mutant, we removed the heads from the flies before scoring to conceal their genotype. For the crosses involving tan mutants and controls, we scored pigmentation in 100 individuals, and 50 flies per genotype in those crosses that produced two genotypes. For the deficiency mapping crosses, we scored 50 flies (25 per genotype).
Abdominal Cuticle Preparation
We prepared specimens for photography in a manner similar to that of Jeong et al. (2008) . Four-day-old virgin female flies were killed with ether and immediately dissected or stored in individual vials at À80 C. Specimens were cut along the dorsal midline with a razor blade. Soft tissues were removed and the cuticles mounted in Canada balsam to dissolve any remaining soft tissue. The preparations were then flattened with a coverslip and incubated for 3 hr at 65 C (Kopp et al., 2000; Jeong et al., 2006 Jeong et al., , 2008 .
Data Analysis
We analyzed the total data (differences in pigmentation between genotypes of the same cross, including all the mutants) by fitting a random linear mixed model (Pinheiro and Bates, 2000) with genotype as a main effect (e.g., Basc/ san versus tan/san) and pigmentation as response. Differences between mutants were considered random effects when LMMs were required for the analysis. We repeated the same procedure for each of the crosses (i.e., the different types of males crossed to tan/Basc females). Additionally, to establish whether additional deficiencies spanning the X chromosome candidate region had a significant effect on the pigmentation levels of F 1 hybrid females, we compared the pigmentation between flies carrying the deficiency and flies carrying Basc with a one-way ANOVA for each deficiency.
SUPPLEMENTAL DATA
Supplemental Data include three figures and three tables and can be found with this article online at http://www.cell.com/supplemental/S0092-8674(09)01359-2.
